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Mechanism of Crumb Rubber Modifier
Dissolution into Asphalt Matrix and
Its Effect on Final Physical Properties
of Crumb Rubber–Modified Binder
Amir Ghavibazoo, Magdy Abdelrahman, and Mohyeldin Ragab
CRM modification of asphalt improves its rutting-resistant properties through increasing the stiffness and elasticity of asphalt at
high service temperatures (2). Also, CRM modification extends the
asphalt’s fatigue life through thickening of the asphalt film around
aggregates and accordingly decreasing the asphalt’s aging rate.
Moreover, CRM reduces the stiffness of asphalt at very low service temperatures, which benefits its low-temperature performance;
however, the deflection rate stays constant or decreases depending
on the interaction condition (2, 3). All these improvements are
attributable to the evolution of the CRM particles in asphalt that
leads to changes in asphalt composition and microstructure (2).
CRM is a complex, engineered, vulcanized compound that has
different activities in asphalt depending on interaction conditions
(4). CRM is mainly composed of natural rubber and synthetic rubber, which are cross-linked with sulfur and reinforced with carbon
black. Also, other additives, such as aromatic hydrocarbons and antioxidants, have been added to improve its workability and prevent
it from aging, respectively (5). CRM never dissolves completely in
asphalt because of its cross-linked structure (6), but its structure and
integrity change depending on interaction conditions (4).
Several researchers have investigated the nature of CRM reactions
and their effect on the final properties of a CRM binder as a function
of different interaction conditions (3, 7, 8). It has been shown that
CRM absorbs light-molecular-weight components of asphalt and
swells up to three to five times its original volume at low interaction
temperatures (i.e., 160°C) (7). Putman and Amirkhanian showed
that, during the swelling of CRM particles in asphalt, two different parameters influenced the final properties of modified asphalt:
absorption of light-molecular-weight components of asphalt and
swollen CRM particles (8). However, the swollen particles played
a dominant role in defining the final properties of asphalt. Also,
Abdelrahman and Carpenter concluded that the stiffness of asphalt
increased through swelling of the CRM, while it decreased when the
CRM started dissolving into the asphalt binder and decreasing in size
(4). In other research, Billiter et al. completely dissolved the CRM in
asphalt by using high interaction temperature and shearing rate to find
the effect of CRM dissolution on the physical properties of asphalt
(3). They stated that the dissolved portion of CRM went through
further depolymerization at very high interaction temperatures and
decreased in its average molecular weight.
Swelling and complete dissolution of CRM are two opposite ends
of the interaction of CRM and asphalt. Depending on interaction conditions, a combination of both can occur, which adds to the complexity of the CRM and asphalt interaction (9). Moreover, depending on
the interaction conditions, the mechanism of dissolution can vary. In

Modification of asphalt by crumb rubber modifier (CRM) is mostly done
through exchange of components between asphalt and CRM. At 1608C
and 10 Hz, CRM absorbs aromatics of asphalt and swells; however, at
2208C and 50 Hz, CRM dissolves into the asphalt; this process leads to the
release of different components of CRM including carbon black, fillers,
and polymeric and oily components. Depending on interaction conditions, CRM dissolution is performed differently, and therefore the state
and role of the released components can be different. In this research
different mechanisms of dissolution of one size of CRM in asphalt matrix
and their effects on property development of modified asphalt were
studied by using different analytic techniques, including dissolution test,
dynamic shear rheometer (DSR), thermogravimetric analysis (TGA),
and Fourier transform infrared (FTIR) spectroscopy. Dissolution test
results in combination with DSR results indicate the state and the role of
CRM particles in the matrix, while TGA and FTIR spectroscopy show the
type and amount of released components from CRM. The results reveal
that for the materials used in this study interaction temperature is the
main factor affecting the mechanism of dissolution of the CRM particles
and consequently defines the role of the released components of CRM in
asphalt matrix. DSR results indicate that during interactions at 1908C
(intermediate interaction temperature), released components are more
effective on physical properties of asphalt than are released components
during interactions at 2208C (high interaction temperature).

In 2005, of the approximately 300 million scrap tires generated in
the United States, 14% have been deposited in landfills, which poses
two major problems: waste of valuable material and environmental
pollution. Modification of asphalt with ground tire rubbers, crumb
rubber modifiers (CRMs), has been introduced as an environmentally
friendly method of recycling tires, while improving the asphalt’s
physical properties. Therefore, the use of crumb rubber–modified
binder (CRM binder) has become a common practice among several
states during the past 20 years. However, there is still no established
procedure for proper use of the CRM in asphalt and consequently
for obtaining the optimum properties from the modification (1).
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this research different mechanisms of CRM dissolution in asphalt and
their effect on property development of modified asphalt were studied
by using different analytical techniques, including dissolution test,
dynamic shear rheometer (DSR), thermogravimetric analysis (TGA),
and Fourier transform infrared (FTIR) spectroscopy. Dissolution test
results in combination with DSR results indicate the state and role of
CRM particles in the asphalt matrix, while TGA and FTIR spectroscopy show the type and amount of released components from CRM
into the asphalt matrix.

Materials and Methods
Materials and Interactions
One PG 58-28 performance-graded asphalt (NF), provided by Flint
Hill Resources, Fargo, North Dakota, and one ambient processed CRM
from passenger car tire sources (WTG), provided by Liberty Tire
Recycling, were used in this study. The CRM particle size, in all interactions, was controlled to be smaller than the mesh No. 30 (0.55 mm)
and larger than the mesh No. 40 (0.4 mm), according to the U.S. standard system. Thirteen interactions were conducted for 4 h. All inter
actions were conducted with 1,200 ± 100 g of asphalt in 1-gal paint
cans, an aluminum heating mantle (100B TM634) attached to a benchtype temperature controller, and a J-type thermocouple. Nitrogen gas
was applied on top of all interactions to prevent any oxidation. Table 1
shows the list of interactions, time of samples, their related code, and
parameters. The varying parameters are CRM concentration, inter
action temperature, and mixing speed. The reliability of all interactions
and testing has been proved by running replications occasionally.
CRM Extraction Method
CRM extraction was performed with a mesh No. 200 (75 µm). In this
method, 10 g of modified asphalt were diluted in trichloroethylene,
drained through the mesh, and washed with extra trichloroethylene
until the filtrate became colorless. The retained particles were dried
in the oven at 60°C for 12 h to assure removal of all solvent residues.
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TGA Method
TGA is a simple and valuable method in composition analysis of
multicomponent materials (10). This method has been used by several researchers to investigate the composition of multicomponent
polymeric materials including CRM (11). The TGA method also has
been used by this research group in previous works to monitor the
changes in CRM composition after partial dissolution in asphalt (12).
Replicated tests proved good repeatability of this test method in that
research, showing less than 3% deviation between the results. A new
and more sophisticated TGA method, stepwise isothermal thermo
gravimetric (SITG) analysis, was used in this study to m
 onitor the
type and amount of dissolved components more accurately.
A TA Instruments Q500 TGA was used to run SITG analysis.
This method prevents overlapping between decomposition temperature of different constituents in the sample, because of a programmed
heating process, and as a result has higher accuracy in comparison
with the conventional method, in which a constant heating rate is
applied to the sample (12). In the SITG method, 20 to 25 mg of
sample was heated at a constant rate (20°C/min) until the mass loss
rate of the sample, measured automatically with the instrument,
reached above a predefined constant (>1%/min). At this point the
temperature of the sample was kept constant until the mass loss rate
of the sample reached below a predefined constant (<0.5%/min).
The sample was heated again, at the predefined rate, to the new
temperature, at which the mass loss criterion, mentioned above, was
satisfied again. This process was repeated until the temperature of
the sample reached a predefined temperature (420°C). The type and
concentration of each component in the sample was defined on the
basis of its specific decomposition temperature and the amount of
decomposing mass at that temperature, respectively (13).
FTIR Spectroscopy
A FTIR spectrometer, Nicolet 8700 from Thermo Scientific, was
used in transmission mode to determine the chemical composition
of the liquid phase of the CRM binder in wave numbers ranging
from 2,000 to 400 cm−1. Binders were dissolved in toluene with 5%
concentration by toluene weight, dropped on the potassium bromide
disk, and dried for 15 min to assure complete solvent removal.

Extraction of Liquid Phase of Modified Asphalt
To obtain the liquid phase of the CRM binder, the required amount of
CRM binder was heated to 165°C and drained through mesh No. 200
(75 µm) in the oven at 165°C for 25 min. The extracted liquid phase
was stored at −12°C immediately to prevent any unwanted aging or
reaction.
Dynamic Shear Rheometer
A dynamic shear rheometer from Bohlin Instruments CVO
(Worcestershire, United Kingdom) was used for viscoelastic analysis of neat asphalt, CRM binder samples, and their liquid phase. All
tests were performed with 25-mm-diameter parallel plates at 64°C
and 1.59 Hz to follow the Superpave® guideline. The gap between
plates for CRM binder samples was selected to be 2 mm, the minimum gap size that does not affect the results because of the presence
of CRM particles. For the neat asphalt and the liquid phase, the gap
was selected to be 1 mm. To avoid nonlinear viscoelasticity, all tests
were performed in a strain control mode with strain less than 1%.

Results and Discussion
Table 1 presents the performance-related properties of asphalt at high
and low service temperatures, obtained following the Superpave
testing methods. In this table the high-temperature performance of
the modified asphalt deteriorates as the dissolution percent of CRM
increases; however, the low-temperature performance of asphalt
shows a completely different trend toward the amount of CRM dis
solution. At 190°C, the stiffness, S(t), of modified asphalt decreases
by increasing the dissolution and CRM concentration, while the
m-value relatively stays constant. But at 220°C, the low-temperature
performance of the modified asphalt deteriorates. This deterioration
can be related to different mechanisms of CRM dissolution in asphalt
under different interaction temperatures. In this paper, the main focus
is to investigate the different mechanisms of CRM dissolution under
different interaction conditions and the related effect on final high-
temperature performance of modified asphalt. The effect of dissolution
on intermediate and low service temperature of modified asphalt needs
further research, which is beyond the scope of this work.
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TABLE 1   List of Interactions and Corresponding Parameters

CRM (%)

Mixing
Speed
(Hz)

Temp
(°C)

NF-WTG-10%-10Hz160C

10

10

160

NF-WTG-20%-10Hz160C

20

10

160

NF-WTG-10%-30Hz160C

10

30

160

NF-WTG-10%-10Hz190C

10

10

190

NF-WTG-10%-30Hz190C

10

30

190

NF-WTG-15%-30Hz190C

15

30

190

NF-WTG-20%-30Hz190C

20

30

190

NF-WTG-10%-50Hz190C

10

50

190

NF-WTG-10%-10Hz220C

10

10

220

NF-WTG-10%-50Hz220C

10

50

220

NF-WTG-15%-50Hz220C

15

50

220

NF-WTG-20%-50Hz220C

20

50

220

Interaction Name

Sample
Time
(min)

G*/sin δ
at 64°C
(Pa)

15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240
15
60
120
240

S (60) at
−18°C
(MPa)

m-Value
at −18°C

1,706
1,950
2,454
2,301
4,937
6,165
6,195
6,188
1,717
1,879
2,212
2,267
1,936
2,036
1,942
2,014

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
178

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0.322047

2,012
2,025
1,843
1,656
3,626
3,504
3,131
2,712
5,959
6,133
5,138
4,529
2,387
2,273
1,976
2,005
2,110
1,754
1,498
1,438
1,981
1,506
1,342
1,403
3,133
1,870
1,640
1,411
3,511
2,488
1,888
1,742

NA
141
162
137
NA
NA
NA
NA
NA
NA
NA
94
NA
NA
NA
151
NA
NA
NA
181
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA
0.32375
0.32325
0.3324
NA
NA
NA
NA
NA
NA
NA
0.3402
NA
NA
NA
0.3303
NA
NA
NA
0.330186
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Note: Temp = temperature; G* = complex modulus; S = stiffness of the material; NA = not available.

CRM Dissolution
CRM dissolution was measured by using the CRM extraction
method mentioned previously. The portion of the CRM particles
that passed through mesh No. 200 (particles smaller than 75 µm)
was considered as the dissolved portion. Three replications of
dissolution tests were conducted for the samples of three inter
actions, and statistical analysis on the results showed a standard
deviation of 0.75, which indicates high repeatability of this test
method. Figure 1 represents the effect of different parameters on
CRM dissolution.

Effect of Interaction Parameters
(Temperature, Mixing Speed, and Time)
Figure 1a presents the effect of interaction temperature, mixing
speed, and time on CRM dissolution. The lines are indicators of
the different interaction temperatures and the symbols are indicators of the different mixing speeds. Figure 1a indicates that CRM
does not show a substantial dissolution in asphalt at the lowest mixing speed (10 Hz) at 190°C, while keeping the mixing speed at the
same low level and increasing the interaction temperature to 220°C
significantly increases the CRM dissolution.
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CRM Dissolution (%)
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FIGURE 1   Trend of CRM dissolution in asphalt as a function of interaction time: (a) under
different interaction conditions and (b) with different CRM concentrations.

Also, Figure 1a shows that the effect of mixing speed and time is
highly temperature dependent. At 160°C, increasing the mixing speed
does not affect the trend and extent of the CRM dissolution. Also, the
CRM dissolution trend is a flat line, which indicates the negligible
effect of time. But, at 190°C and 220°C, increasing the mixing speed
significantly changes the extent and rate of the dissolution.
Results in Figure 1a illustrate that temperature is the dominant
parameter, among all interaction parameters, in dissolving the CRM
in asphalt. The other parameters only facilitate the dissolution process
depending on the interaction temperature.

lines represent the interaction conditions and the symbols represent
the CRM concentrations. Results in Figure 1b show that increasing
the concentration of CRM to 20%, by the asphalt’s weight, at 190°C
and 30 Hz and to 30% at high 220°C and 50 Hz leads to a relatively
lower extent of dissolution, which can be attributed to the lack of
aromatics to diffuse into the CRM structure and facilitate its dissolution (9). Moreover, the negligible effect of CRM concentration on
dissolution at 220°C and 50 Hz, in Figure 1b, indicates that at this
condition, the interaction parameters (temperature and mixing speed)
are the dominant parameters on dissolution of the CRM in asphalt.

Effect of CRM Concentration

Viscoelastic Analysis

Figure 1b shows the effect of four CRM concentrations (10%, 15%,
20%, and 30% by the weight of original asphalt) on the rate and extent
of CRM dissolution under different interaction conditions. The solid

To investigate the effect of CRM dissolution on property development of CRM binder, viscoelastic analysis was conducted on CRM
binder and its liquid phase.
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CRM Asphalt

Liquid Phase of CRM Binder

Development of the complex modulus and phase angle of the CRM
binders, with 10% CRM concentration, as a function of CRM dissolution percentage is depicted in Figure 2. The same trend was
obtained for CRM binders with other concentrations which, for
brevity, is not presented here. The lines in these two graphs indicate
the general trend of the related parameter as a function of CRM
dissolution and the symbols represent the interaction conditions.
Figure 2 depicts that at low dissolution percentages, which occur at
160°C or in the early stages of the interaction at 190°C, the stiffness
and phase angle of the CRM binder improve (increase and decrease,
respectively), which can be attributed to the swelling of the CRM par
ticles (1, 4). However, with increasing dissolution of CRM, the phys
ical properties of the CRM binder start degrading, a finding that is in
agreement with other studies (4). This can be attributed to partial breakage of the three-dimensional structure of CRM particles and shrinkage in their size (4). This trend continues to a steady-state condition,
where more than 80% of the CRM is dissolved. A previous study of this
research group showed that at this stage the liquid phase of the asphalt,
including the dissolved portion of the CRM, plays the dominant
role in defining the physical properties of the whole sample (12).
Figure 2 also shows that the breakage of the three-dimensional
structure of CRM starts when the dissolution of the CRM reaches
above 20%, which, according to the previous study of this research
group, is the stage where the CRM particles start releasing their
polymeric components into the asphalt (12).

To investigate the changes in physical properties of the CRM binder’s
liquid phase through the absorption and desorption of light-molecularweight components of asphalt as well as the release of CRM components, the liquid phase of the CRM binder samples was extracted and
tested by using the DSR. Figure 3 shows the complex modulus and
phase angle of the liquid phase of different CRM binders as a function
of interaction time. To investigate the effect of absorption of lightmolecular-weight components of asphalt, the physical properties of
the liquid phase, interacted at 160°C and 10 Hz with two different
CRM concentrations (10% and 20%), were tested and the results are
presented in Figure 3a. On the basis of the dissolution test results and
also the composition analysis of the CRM particle, presented in the
next section, at this interaction condition, the dissolution of the CRM
is at its minimum level and is limited to the oily components of the
CRM. Therefore, the main effective parameter on development of
physical properties is the absorption of the light-molecular-weight
components of the asphalt.
Also, a comparison of the physical properties of the liquid phase
of CRM binders, under different interaction conditions, in Figure 3,
b and c, shows that the absorption of light-molecular-weight components of asphalt by CRM led to a significant improvement of the
physical properties of the liquid phase (higher complex modulus and
lower phase angle) in comparison with the neat asphalt. However,
increasing the time of interaction flattened the improvement trend
of the physical properties, which is an indication of the decrease in
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FIGURE 2   Physical properties of CRM binders as a function of CRM dissolution by
the weight of original CRM: (a) complex modulus and (b) phase angle.
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FIGURE 3   Physical properties of the liquid phase of CRM binder as a function of time: (a) effect of different
concentrations, (b) effect of different interaction conditions at 10% CRM concentration, and (c) effect of different
interaction conditions at 20% CRM concentration.

the rate of absorption. This means that the CRM structure is getting
saturated by increasing the time of interaction to 240 min at 160°C.
Moreover, Figure 3b shows that increasing the interaction conditions at 10% CRM concentration has a negligible effect on the complex modulus of the samples; however, at 20% CRM concentration
(Figure 3c), the complex modulus of the samples highly depends on
the interaction conditions. Increasing the interaction conditions, at
both CRM concentrations, considerably decreases the phase angles of
the samples in Figure 3, b and c. This is attributed to the sensitivity of
the phase angle to changes of the internal structure of the asphalt and
indicates that released components from CRM considerably improve
elasticity of the liquid phase of the CRM binder. The contribution of
released components of CRM in property development of the liquid
phase of the CRM binder is explained in more detail later in this study.
In Figure 3, b and c, the liquid phase sample that interacted for
15 min at 190°C and 30 Hz shows the same physical properties as
the sample that interacted for 240 min at 160°C and 10 Hz. This indicates that the maximum absorption of the light-molecular-weight

c omponents of asphalt that takes 240 min at 160°C and 10 Hz to occur
takes only 15 min at 190°C and 30 Hz. In other words, increasing the
interaction temperature accelerates the swelling action of the CRM
particles (4). As a result, the physical properties of the liquid phase
of the CRM binder after a 15-min interaction under 190°C and 30 Hz
are considered as a baseline in the next section to be able to distinguish between the effects of absorption of the light-molecular-weight
components and the dissolved portion of the CRM.
To illustrate the effect of the dissolved portion of the CRM on the
physical properties of the liquid phase of the CRM binders, the physical properties are superpositioned in Figure 4 based on the dissolved
percentage of CRM by the asphalt’s weight. The effect of the interaction conditions is presented in Figure 4a. The symbols represent
the interaction mixing speed and the lines represent the interaction
temperature.
Figure 4a shows that at 190°C the change in the complex modulus and phase angle shows a higher dependency on the dissolved
percentage of the CRM, while at 220°C this dependency decreases
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FIGURE 4   Physical properties of the liquid phase of CRM binder as a function of the dissolved percentage of the CRM by the weight of
asphalt: (a) effect of interaction parameters and (b) effect of CRM concentration.

significantly (comparing the slope of the corresponding trends).
This indicates the different mechanism of dissolution of the CRM
in asphalt under different interaction temperatures.
At each interaction temperature (190°C or 220°C), the complex
modulus and phase angle of the liquid phase follow the same trend
regardless of the mixing speed. On the basis of this observation,
it can be speculated that the mechanism of dissolution is mostly
defined by the interaction temperature rather than the interaction
mixing speed and the mixing speed is only effective in accelerating
this mechanism, which is in agreement with the dissolution test results
in Figure 1.
Comparing the results for interactions at two different interaction
temperatures (190°C and 220°C) shows that in spite of the same
amount of dissolved CRM, the interaction at 190°C and 50 Hz shows
better physical properties than the interaction at 220°C and 50 Hz.
This indicates that increasing the mixing speed at 190°C leads to a
release of the polymeric components with higher molecular weights
into the asphalt matrix and they are more effective on the asphalt’s
property development. These observations are in agreement with the
work by other researchers (6).
Figure 4b represents the effect of the CRM concentration on the
property development of the liquid phase of the CRM binder under
different interaction conditions. The symbols indicate the interaction
conditions and the numbers in front of each line show the CRM concentration. Results show that for the interaction at 190°C and 30 Hz
with 20% original CRM concentration, increasing the dissolved portion of the CRM significantly increases the complex modulus. On the
basis of the effect of the absorbed portion of the asphalt, discussed previously, it can be speculated that the improvement in physical properties at this level is a result of the dissolved portion of the CRM in the
liquid phase of the CRM binder in addition to the a bsorption of the

light-molecular-weight components by the remaining, nondissolved
CRM particles.
At 20% concentration, increasing the interaction conditions to
220°C and 50 Hz increases the dissolution of the CRM but decreases
the physical properties of the liquid phase of the CRM binder. This
behavior can be attributed to the extensive breakage of the CRM
structure, which leads desorption of light-molecular-weight components of asphalt back to the asphalt matrix along with a release of the
CRM components into the asphalt matrix. Also, on the basis of these
results, the mechanism of dissolution at the higher interaction condition is different and, therefore, the activity of the released components
at this condition is different than the ones at the lower interaction
temperature (190°C).
The viscoelastic analysis on the liquid phase of the CRM binder
in Figure 4b and the composition analysis of the extracted CRM,
explained in the next section, suggest that at the final stages of inter
action at 220°C and 50 Hz, all absorbed light-molecular-weight
components are released back into the asphalt matrix. Composition
analysis of the extracted CRM at this stage shows that there is no
polymeric component left in the remaining particles because of the
high dissolution percentage of the CRM by its original weight (>80%)
and, therefore, the nondissolved portion of the CRM particles is incapable of swelling and absorbing light-molecular-weight components.
As a result, the only active modifier that causes improvement in the
physical properties of the liquid phase of the CRM binder, relative to
the neat asphalt, is the dissolved portion of the CRM.
Figure 4b shows that the dependence of the physical properties
of the liquid phase of the CRM binder on the dissolved percentage
of the CRM, by the asphalt’s weight, is decreased by decreasing the
original CRM concentration. For instance, for the interaction with
20% original CRM concentration at 190°C and 30 Hz, increasing the

Ghavibazoo, Abdelrahman, and Ragab

99

dissolved percentage of the CRM by the asphalt’s weight from 3% to
7% increases the complex modulus of the liquid phase of the related
CRM binder by 60%. However, the same increase in the dissolved
percentage for the same interaction condition but with 15% of CRM
concentration results in only a 17% increase in its complex modulus
and, for the interactions with 10% of CRM concentration, this number decreases to almost zero. This behavior can be attributed to the
percentage of the absorbed light-molecular-weight components of the
asphalt by the remaining, nondissolved CRM particles in the matrix.
The amount of remaining CRM particles is significantly higher in the
samples with 20% original CRM concentration than in the samples
with 15% or 10% CRM concentration and, therefore, the amount of
absorbed asphalt by the remaining CRM particles at higher concentrations (15%, 20%) is much higher. This situation leads to a different
actual concentration of the dissolved portion of the CRM in the liquid phase of the CRM binder, in spite of an equal dissolved percentage by the weight of the original asphalt, shown in Figure 4b. This
higher actual concentration leads to its higher effectiveness and better
physical properties of the liquid phase of the CRM binder.
The results in this research only illustrate the effect of CRM dissolution on performance of the binder at high service temperatures;
however, the CRM dissolution can highly affect the intermediateand low-temperature performances of asphalt, as partially presented
in Table 1, which need to be considered for further research.
TGA Method
Previous work by this research group showed that the composition of
CRM changes during the interaction with asphalt and the TGA is a
very useful method to investigate these changes (12). In this study a
more sophisticated method of TGA, explained previously, was used
to investigate the composition of the CRM. Figure 5 illustrates the
three thermographs obtained from SITG analysis on the original CRM
sample and two extracted CRM samples from two different interactions. Previous studies showed that the composition of CRM does not
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change considerably at a low interaction temperature (i.e., 160°C) or
in the early stages of interactions at higher temperatures (i.e., 15 min
at 190°C). Therefore, in this study only samples extracted from late
stages (240 min) of interactions at 190°C and 220°C were investigated under TGA (12). Results in Figure 5 show that there are three
steps on the thermograph of the original sample that can be attributed
to the three main components in CRM (oily component, natural rubber, and synthetic rubber) based on their decomposition temperatures
(11). The residue of the sample at temperatures higher than 400°C
can be attributed to the carbon black portion of the CRM and also the
residual ashes of decomposition of other components.
As the results in Figure 5 depict, the number of steps and their
height are changed for the extracted CRM samples depending on
interaction condition. This indicates the changes in the composition
of the CRM during the interaction with asphalt (12). The extracted
CRM from the interaction with intermediate interaction parameters
(190°C and 30 Hz), 41.2% of which was dissolved in the asphalt,
shows two steps with lower heights and higher amount of residue
at 400°C in comparison with the original CRM. This indicates that
the CRM releases part of both types of polymeric components and
its entire oily component into the asphalt matrix while there is still
a considerable amount of polymeric components remaining in the
CRM particles. This result illustrates that the residual CRM particles at this stage still have the ability to absorb the light-molecularweight components of the asphalt and swell. However, at 220°C and
50 Hz, where 83.6% of the CRM was dissolved in asphalt, only one
step, with significantly lower height, remains in the thermograph
of the sample. This indicates the release of a substantial portion of
the polymeric components of CRM into the asphalt matrix. This
also indicates that not much of the polymeric compounds, which
are responsible for the absorption of light-molecular-weight components of asphalt and the swelling action of the CRM particles, was
left in the remaining particles. This result justifies desorption of
the light-molecular-weight components and the incapability of these
particles to swell at this stage of the interaction. These results are in
agreement with the viscoelastic results in Figure 4b. The release of all
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FIGURE 5   Thermographs of original CRM sample and extracted CRM samples from two interactions after 240 min
(org = original).
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1,700 cm−1, related to the carboxyl group (C=O functional group)
in asphalt, which indicates that no oxidization occurred during the
asphalt rubber interaction in this study (14).
The FTIR results prove that, as a result of the use of a nitrogen
blanket on top of all interactions, no aging occurred during the interactions. Also the results show that no chemical reactions occurred
between the CRM released components and the asphalt components,
because all the peak positions related to each component stayed intact.

these components is proved by FTIR analysis on the c orresponding
liquid phase of the CRM binder as discussed in the next section.
FTIR Analysis

2,000

1,807

Neat Asphalt

Conclusion

1,614

1,421
1,228
1,036
Wave Number (cm-1)

NF-WTG-10%-30Hz190C-240min
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699 cm-1

966 cm-1
911 cm-1

1030 cm-1

Activities of CRM during the interaction with asphalt and the consequent effect on the physical properties of the liquid phase of the
CRM binder were investigated under different interaction conditions by using several analytical techniques, such as DSR, TGA,
and FTIR spectroscopy. On the basis of the results it appears that
for the material used in this research (asphalt type, CRM type, and
CRM size), the main interaction parameter that affects the CRM
dissolution and its mechanism is the interaction temperature, while
the effect of the other two interaction parameters, time and mixing
speed, on CRM dissolution is highly temperature dependent and they
have no effect on the mechanism of the dissolution.
According to the TGA, it appears that at 190°C, the CRM particles
that remain in the matrix after 240 min are still capable of absorbing
the light-molecular-weight components of asphalt and swelling, but
after 240 min at 220°C, the remaining particles are incapable of swelling and absorption activities. FTIR spectroscopy results showed the
presence of released components, obtained from TGA analysis, and
illustrate that there is no chemical reaction between the released components of CRM and asphalt components, in the range of reactions in
this research.
Viscoelastic analysis reveals that a combination of different activities of CRM is responsible for developing or degrading the physical
properties of the CRM binder and its liquid phase. The results show
that, at 190°C, partial release of CRM components and absorption of
the light-molecular-weight components of the asphalt by the remaining CRM particles are responsible for the property development of

1261 cm-1

1700 cm-1

As a complementary test for TGA analysis and to investigate the state
of the released components in asphalt, the liquid phase of the CRM
binder was tested through the use of a FTIR instrument. The FTIR
results can show if any type of oxidation or chemical reaction occurs
during the interaction of CRM and asphalt (14). Figure 6 represents
the FTIR spectra related to the neat asphalt and the liquid phase of two
CRM binders, extracted CRM samples of which were tested through
TGA analysis. FTIR peak intensities are sensitive to the concentration of components and the thickness of the sample. Because of the
sample preparation method and its limitations, it is not possible to
obtain exactly the same thickness for all samples. Therefore, in this
study only the qualitative FTIR analysis was performed to investigate
the presence of the peaks.
Results in Figure 6 show that peaks have appeared on the spectra
of the liquid phase of the two CRM binders in comparison with the
neat asphalt. The first peaks, which are not observable in the spectra
of the neat asphalt, are at 696 cm−1 and 966 cm−1 and are related to the
carbon–hydrogen out-of-plane bending of monoalkylated aromatics
in polystyrene and trans-alkene in polybutadiene, respectively (15).
These are the two main components of the synthetic polymeric components in the CRM structure. Their existence proves the release of
synthetic rubber CRM into the asphalt matrix.
Two other peaks that appeared on the spectra of the liquid phase of
the two modified asphalts are at 1,090 cm−1 and 1,260 cm−1 and are
related to the esters. Their source of appearance and their effect on
the final properties of the CRM binder need to be investigated further.
The peak at 1,030 cm−1, which is related to the sulfoxide component (S=O stretching vibrations) in asphalt, is intensified in both
modified asphalt samples in comparison with the neat asphalt.
This can be related to the release of sulfur additives in CRM into
the asphalt. FTIR spectra of the liquid phase of the CRM binder
samples show no trace of increase in the intensity of the peak at
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FIGURE 6   FTIR spectra of the neat asphalt and liquid phase of CRM binders after
240 min of interaction.
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the liquid phase of the CRM binder, while a decrease in the size of
the CRM particles as a result of the partial dissolution is responsible
for the degradation of the physical properties of the CRM binder.
Conversely, at 220°C, complete breakage of the three-dimensional
structure of CRM and desorption of asphalt’s light-molecular-weight
components along with depolymerization of the released CRM components are responsible for the degradation of the physical properties
of both CRM binder and its liquid phase. However, the results of this
research are limited to the material used in this research and the effect
of CRM size, CRM type, and asphalt type needs further investigation.
The current study suggests that CRM dissolution in asphalt under an
intermediate interaction temperature (i.e., 190°C) and a high mixing
speed (i.e., 50 Hz) produces a more homogenous CRM binder with
enhanced high service temperature properties. However, its effect on
other performance-related properties, such as storage stability, aging
susceptibility, and low-temperature performance of the asphalt, needs
to be further investigated.
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